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INTRATHYMIC STEM CELL IMPLANTATION 

n^k gmund r f ^° T" vention 

Mortality following cardiac transplantation has 
remained unchanged since 1981 in spite of many advances in 
immunosuppression. Complications attributable to 
immunosuppression (infection and malignancy) and to chron c 
rejection (graft coronary disease) together account for 90% of 
deaths following thoracic organ transplantation. Kaye, J, 
T .- ir . ^ n^n.nlant. 11:599-606 (1992). These problems are 
Unified in the i^t and pediatric transplant populations 
where mortality due to rejection is significantly higher 
coronarv disease can develop within 6 months post-transplant 
ZZ t al.. a^dftr- 11- 177-183 (1990)), and transplant 
^proliferative disease is more prevalent. Penn, 3^3^ 
12:3328-336 (1993). Additionally in infant 
and adolescent transplant recipients, immunosuppression 
inhibits normal growth and development. Baum et al., 
pediatrics 88:203-214 (1993). To improve long-term outcomes 
new strategies must be developed which could achieve freedom 
from graft rejection without standard immunosuppression, i.e. 
by developing tolerance to the graft. rtnnnr 
The finding of low frequencies of circulating donor 
cells, microchimerism, in the peripheral blood of liver 
transplant recipients who were free from rejection suggests 
that hematopoietic microchimerism might correlate ^ 
tolerance to solid organ allografts. Starzl et al La^t 
340:876-877 (1992) and Starzl et al., Lancet 339:1579-1582 
1M2) . This has been recently confirmed in twenty-one su h 
iver recipients who have now been completely weaned off of 
immunosuppression. Ramos et al., Tra nsplant Su r^ 

^994 III-4. The corollary hypothesis, that the induction 
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of microchimerism might produce a state of tolerance, is now 
under intense investigation. 

Hematopoietic chimerism can currently be produced 
in humans by allogeneic bone marrow transplantation following 
myeloablation. Concomitant allogenic marrow and solid organ 
transplantation has been proposed as a method of producing 
chimerism and r perhaps, tolerance to the solid organ graft. 
This would entail the risks of myeloablative therapy and/or 
graft versus host disease. Unlike the grave prognoses with 
hematologic malignancies, the excellent early graft survival 
rates in cardiac transplantation are such that the risks 
incurred by reproducing full marrow transplant 
myelosuppressive strategies might override the benefits of 
chimerism. 

What is needed in the art is a method of enhancing 
engraftment of donor solid organ, tissue and cell transplants 
that can be accomplished safely and 1) within current or 
reduced (rather than augmented) immunosuppressive regimens, 2) 
within the logistical constraints of transplantation 
procedures, and 3) minimizing the risk of graft versus host 
disease. Quite surprisingly, the present invention fulfills 
this and other related needs. 

Summary of th e Invention 

The present invention provides compositions and 
methods for enhancing engraftment of a graft in a transplant 
recipient. The graft is obtained from a donor who is 
different from the transplant recipient, i.e., allogeneic or 
xenogeneic. CD34-positive hematopoietic cells obtained from 
the donor are implanted in the thymus of the transplant 
recipient in amount sufficient to establish tolerance to the 
graft, thereby enhancing engraftment of the graft in the 
recipient. The CD34-positive hematopoietic cells may be 
obtained from the bone marrow or peripheral blood of the graft 
donor, and preferably are at least about 50% pure for CD34- 
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positive cells, more preferably at least 

pure, in some embodiments approximately 5 x 10 toUlO 
^-positive hematopoietic cells are implanted xn the thymus 
of the transplant recipient. The implantatxon can be by way 
o Section into at least one lobe of the thymus following 
thoracotomy, thoraacotamyor by injection using a thoracoscope, 
CT-guided or ultrasound guided percutaneous xn D ectxon, 
catheter injection under fluoroscope guidance, or 

mediastinoscopy. .„„ 
According to the invention the CD34-posxtxve 

hematopoietic cells of the donor can be implanted xn the 
transplant recipient prior to transplanting the graft, 
concurrently with transplanting the graft, or 
the transplantation. Periodic maintenance admxnxstratxon to 
the thymus may be necessary to maintain adequate levels of 
f ararce in some patients. 

The graft which can be transplanted is a solid 
organ, tissue cr cell collection. The solid organ can be a 
heart lung, heart-lung. Kidney, pancreas, intes ine or ver 
A suitable tissue for transplantation according to the present 
methods is , vessel, heart valve, connective tissue or £». 
The transplanted cell collection can comprise co»-pos!tive 
hematopoietic cells or cells which express a disease- 
.ssociated gene product of interest. A ^-""^ 
donor hematopoietic cells may be detectable in the blood 
the transplant recipient for a substantial time after 
transplant according to the methods described herein. 

in another aspect the invention provides a method 
£ or producing a gene product of interest in a host mammal in 
need of said gene product. This aspect comprises imPlanting 
in the thymus of the host C034-positive 
progenitor cells which encode the gene product 
The compositive hematopoietic cells can be Really 
engineered to produce the gene product of interes : in the 
recipient host. In one aspect, prior to implanting the 
modified cells in the host the compositive hematopoietic 
cells are obtained from the recipient host maronal and 
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genetically engineered to produce the gene-product of 
interest. in another aspect the CD3 4 -positive hematopoietic 
cells can be those obtained from a donor of the same or 
different species as the recipient and which cells produce the 
gene product in said donor. 



Description Of the Specific Embodiment s 

The present invention provides methods and 
compositions for intrathymic administration of CD34-positive 
donor cells into a transplant recipient to produce 
lymphohematopoietic microchimerism that results in prolonged 
survival of transplanted grafts or organs with or without 
conventional immunosuppression. Thus, in one aspect the 
invention provides methods and compositions for inducing 
tolerance to a donor cell, tissue or organ in a recipient 
individual. By -tolerance- is meant to refer to an immune 
response to an allogeneic or xenogeneic graft that is smaller 
than the immune response that would be observed in an animal 
which has not received the thymic implant of nonautologous 
CD34-positive hematopoietic cells, thereby resulting in an 
extension of graft survival time. The engraftment of donor 
material into transplant recipients can be accomplished safely 
and substantially without the risk of graft versus host 
disease. According to the invention, implantation of donor 
CD34 -positive hematopoietic cells into the thymus provides a 
level of tolerance in the recipient host to the donor tissue 
that is sufficient to permit engraftment. Offered by way of 
explanation but not limitation, it is believed the direct 
intrathymic injection of CD34-positive hematopoietic donor 
fractions produces lymphohematopoietic microchimerism and thus 
a tolerance which prolongs survival of the graft. 

The nature of the graft intended for 
transplantation into a recipient host varies widely. The 
grafts include, for example, organ transplants, such as heart, 
heart-lung, lung, kidney, kidney-pancreas, liver, pancreas, 
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intestines, etc. The grafts can also include tissue 
transplants, such as of skin, connective tissue, vessels 
neart valves, etc. In yet another aspect the grafts can be of 
cells fro* a donor, such as bone marrow cells, including the 
CD34-positive hematopoietic cells which are used to induce 
tolerance, wherein the CD34- P ositive hematopoietic cells 
include stem (progenitor) cells. Other suitable cell 
collections include pancreatic islet cells, hepatic cells, 
bone marrow or stem cells. The grafts can also be CD34- 
positive hematopoietic cells which express a desired protein 
or chemical or which could be genetically engineered to 
produce a desired protein or chemical as can be used m 
treatment of individuals with genetic or acquired 
deficiencies.. The donor CD34-positive hematopoietic cells and 
grafts can also be xenografts, i.e., from a different species 
than the recipient, for example, a non-human primate or pig 
graft can be implanted into a human. As used herein the term 
"graft- is meant to include the implant in an individual of 
any non-autologous organ, tissue or cells, unless the context 
specifically indicates otherwise. 

Engraftment of the CD34-positive hematopoietic 
cells themselves, without a subsequent graft, may also be used 
to treat genetic or acquired deficiencies. The CD34-positive 
cells could also be genetically engineered prior to 
intrathymic implant to produce proteins, chemicals or specif c 
enhancers or suppressors of cell function Because 
»ay produce progeny, a single application/in, ection/treatment 
may be sufficient for the patient's lifetime. 

in the present invention the use of CD34-positive 
hematopoietic cells, substantially depleted of mature T and B 
lymphocytes, reduces the risK of graft versus host disease n 
Z recipient individual while providing the ability to mod fy 
the cellular constituency of the hematopoietic system of the 
recipient over a prolonged period. The CD34 antigen is 
present on substantially all hematopoietic P~™ 
but is substantially absent from more mature hematopoiet 
cells. Within the context of the present invention, CD34- 
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positive hematopoietic cells include those cells which express 
the CD34 antigen, among other surface antigens, and include 
totipotent stem cells as well as committed progenitor cells. 
The level of expression of the CD34 antigen will vary from one 
cell type to another. Consequently, a cell is operationally 
defined as CD34-positive if it expresses sufficient CD34 
antigen to be detected by a given method of assay, e.g., by 
flow microfluorimetry using a fluorescence-activated cell 
sorter (FACS) , by immunofluorescence or immunoperoxidase 
staining using a fluorescence or light microscope, by 
radioimmunoassay, or by immunoaf f inity chromatography, among 
numerous other methods which will be readily apparent to one 
skilled in the art. See, for example, Lansdorp and Thomas, in 
Pope Marrow Processing and Pnrg ip g , A .P. Gee (ed. ) , Boca 
Raton: CRC Press (1991) pg. 351. 

The CD34-positive hematopoietic cells may be 
obtained from a variety of blood products of the intended 
donor. As the present invention provides methods for inducing 
tolerance to the tissue or organ of the donor in the intended 
recipient, it obviates the necessity of employing as a donor 
an individual who matches or closely matches the recipient's 
histocompatibility type. Thus, allogeneic and xenogeneic 
transplants are made possible by the present invention without 
employing myeloablation. Alternatively, immunosuppressive 
regimens can be used which are less toxic to the transplant 
recipient than those regimens employed in the absence of 
tolerance to antigens on the donor's CD3 4-positive cells. As 
a source of xenografts for humans, baboons have been used in 
xenograft transplants over the past 20 years with surprising 
success and, therefore, are considered phylogenetically quite 
similar to humans, allowing the present invention to be 
extended to xenograft applications. Other species may also 
serve as graft donors, such as swine which can serve as a 
source of, e.g., skin and other tissues for engraftment onto 
humans . 

Sources of CD34-positive cells include bone marrow, 
peripheral blood, umbilical cord blood, fetal liver, and 
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spleen of the intended tissue donor. Bone narrow is a 
Pearly rich source of precursor cells (1-2* of narrow) . 
but alternate sources may be preferable because of the 
discomfort associated with bone marrow aspiration. Bone 
narrow is typically aspirated from the iliac crest, but may be 
obtained from other sites (such as the sternum or vertebral 
bodies) if necessitated by prior or concurrent disease or 
therapy. In the case of cadaveric donors, vertebral bodxes 
are a convenient source of large quantities of CD34.posit.ve 

hematopoietic cells. 

While peripheral blood contains fewer precursor 
cells (typically < 1% of peripheral blood mononuclear cells) , 
it is generally easier to obtain than bone marrow. The number 
of precursor cells circulating in peripheral blood can be 
increased by prior exposure of the donor to certain growth 
.actor,, such as, for example, G-CSF or SCF (KL) , and/or 
certain drugs. For example, antibody to VLA-4, given 
intravenously, results in release of CD34- P ositive 
hematopoietic cells from marrow stores into peripheral blood. 
Papayannopoulou and Nakamoto, E goc H^ l Ac. d ■ S g i. VSA 
90:9374-9378 (1993). Thus, administration of an anti-VLA-4 
antibody to the donor can facilitate expeditious recovery of 
CD34- P ositive cells from peripheral blood. Depending upon the 
volume which is desired, blood may be obtained by venipuncture 
or by one or more aphereses on a blood separator. 

General methods for separating and processing T- 
and B-cell-depleted CD34-positive fractions by 
i^unoadsorption to magnetic beads and the like are *«*«b- 
in, e.g., Andrews et al., SO: 1.9,-1701 (199 ) ; Andrews 

et al Biooii 67:842-845 (1986); Berenson et al., 3^_C±JJ^ 
InV e S t'. 81: 951-955 (1988); and Andrews et al . , i^Hema^U 
2^122 (1993), each of which is incorporated herein by 
re re nee. Although one can readily separate a bone marrow or 
I ipheral blood specimen or apheresis product into precursor 
and mature cells, (such as CD34-positive and C034-negative 
populations), it is generally preferred to prepare a buffy 
coat or mononuclear cell fraction from these specimens first, 
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prior to separation into the respective populations. Methods 
for the preparation of buffy coats and mononuclear cell 
fractions are well-known in the art (e.g., Kumar and Lykke, 
Pathology 16:53 (1984)). 

Separation of precursor cells from more mature 
cells can be accomplished by any of a variety of methods known 
to those skilled in the art, including immunoaf f inity 
chromatography (Basch et al., J. Immunol. M»i-h,^ e 5 6:269 
(1983)), fluorescence-activated cell sorting, panning (Wysocki 
and Sato, Proc. Natl. Acad, s^, tK» 15: 28 44 (1978)), 
magnetic-activated cell sorting (Miltenyi et al., Cytometry 
11: 231 (1990)), and cytolysis. Generally, separation of a 
heterogeneous population of cells, such as in a bone marrow 
aspirate or a peripheral blood specimen or apheresis product, 
into target (i.e., CD34-positive) and non-target (i.e., 
CD34-negative) fractions is rarely complete. For the purposes 
of the present invention, separation and substantial 
purification or enrichment of CD34-positive hematopoietic 
cells is considered to have been accomplished if the target 
fraction is comprised of at least about 10% CD34-positive 
cells, typically at least about 50%, more typically at least 
about 70% CD34-positive hematopoietic cells, preferably at 
least about 90%, more preferably about 95%, and even more 
preferably about 98 to 99% or more c£>3 4 -positive hematopoietic 
cells. In addition, it is desirable to keep the total numbers 
of mature hematopoietic cells, such as lymphocytes, platelets, 
granulocytes, and red cells, as low as possible. 

The CD34-positive hematopoietic cells may be 
positively selected or negatively selected. By positive 
selection is meant the capture of cells by some means, usually 
immunological, on the basis of their expression of a specific 
characteristic or set of characteristics (usually an 
antigen(s) expressed at the cell surface). For example, 
CD34-positive cells can be positively selected by any of the 
above methods (except cytolysis, which would result in 
destruction of the desired cells) on the basis of their 
expression of the CD34 antigen utilizing an anti-CD34 
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-» c ia ny aval » ^ - ^ rcially avail able from 

Hounta n View CA, or a Ben C 

"co» po ive cells -H, involves the use of 
* an^ies or ^ — - ^ 

.motion may invoxve the « - ^« ^ e ' «on, 

useful, alone or in combination with other 

= rr„r^r.;.. ........ 

a n« usually immunological, on the basis of 
of cells by some means, usually i™ u * . 
ot ceiis cy snecific characteristic or set 

their lack of expression of a speciric 

example, CD3« P° s1 "" i»ex of expression 

of the above methods on the basis of their lac* of 

of lineage-defining antigens, such as 

.. „«, rnl (for T lymphocytes), CD56 (for UK cells,, 
lymphocytes, the above-mentioned and other 

etc., utilizing , cocktail or mi xture of 

lineage-defining antigens. By using nlatelet . 
nonoclonal antibodies directed to red 
granulocyte, iymphocyte and/or tumor ce la gen , 
possible to leave behind a popu ati nof~ ^ ^ 

enriched for CD34-positive cells. » ^ , p 

polyclonal antibodies suitable for this p P 
eh- art (see e.g., Leukocyte Typing IV, Knopp et .1. (eds.). 
Z orfu and are commercially available fro. a wide 

"^ety of sources .for example, -ton °ic inso n o 
Mountain view, CM coulter 

Diagnostics. Raritan. ». etc^,. The P ^ ^ 

nematopoietic cells can also b sep techniq ues. 

. — r: - r -;;;;::i ^.tic ^ 

b e used immediately suspended in an isotonic solution, stored 
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frozen in a DMSO medium or other suitable freezing medium and 
thawed at a later date for use, and/or inoculated into a 
suitable vessel containing a culture medium comprising a 
conditioned medium and nutritive medium, optionally 
supplemented with a source of growth factors and, optionally, 
human or other animal plasma or serum. if cultured, the 
resultant cell suspension may be cultured under conditions and 
for a time sufficient to increase the number of hematopoietic 
precursor cells relative to the number of such cells present 
initially in the blood product. The cells may then be 
separated by any of a variety of methods, such as 
centrifugation or filtration, from the medium in which they 
have been cultured, and may be washed one or more times with 
fresh medium or buffer. Optionally, the cells may be 
re-separated into CD34-positive and -negative fractions, prior 
to resuspension to a desired concentration in a medium or 
buffer suitable for injection. 

Particularly preferred methods and devices for the 
selection of CD34-positive hematopoietic cells are described 
in U.S. Patent Nos. 5,215,927, 5,225,353, 5,262,334 and 
5,240,856, each of which is incorporated herein by reference 
m its entirety. These patents describe methods and devices 
for isolating or separating target cells, such as 
hematopoietic precursor cells, from a mixture of non-target 
and target cells, wherein the target cells are labeled 
directly or indirectly, with a biotinylated antibody to a 
target cell surface antigen. Labeled cells are separated from 
unlabeled cells by, flowing them through a bed of immobilized 
avidin, the labeled cells binding to the avidin by virtue of 
the biotinylated antibody bound to their surface, while the 
unlabeled cells pass through the bed. After washing the bed 
material, the labeled. (bound) cells can be eluted from the 
bed, for example, by mechanical agitation. A cell separator 
device is also provided for separating target cells from 
non-target calls, one embodiment being the CEPRATE sc" cell 
separation system described in Berenson et al . ( Adv. Bon* 
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nnr ^... Emgjng i ^o^iL^ f N.Y.: "iley-Liss, 1992, P9- 

449> * once isolated, the donor CD34-positive 

hematopoietic cells can then be introduced into the thymus of 
the transplant recipient. The thymus provides the CD34- 
positive cells with an extended half-life, and the implanted 
cells are treated as "self by the host, thereby resulting in 
donor-specific tolerance to the graft. Thoracic organ 
transplantation provides a convenient opportunity to implant 
donor marrow components directly into the thymus, which is 
readily accessible during the cardiac or lung transplant 
operation. In the absence of thoracic organ transplantation, 
a small left anterior thoracotomy is performed in the second 
intercostal space which provides excellent access to the 
thymus. The purified CD34-positive donor cells, typically 
suspended in about 1 ml physiologically acceptable medium and 
any desired markers for locating donor cell injection sites in 
the thymus, is injected in different portions of at least one 
lobe and typically both lobes of the thymus. The thoracotomy 
incision is closed and a chest radiograph can be used to 
ensure full left lung inflation. Advances in videoscopic, 
thoracoscopy, mediastinoscopy and CT-guided or ultrasound 
guides percutaneous procedures make intrathymic delivery of 
cells possible without thoracic surgery. Since injection of 
cells is accomplished by simple inoculation through a needle 
tip, unusual/sophisticated instrumentation is not necessary. 
Especially in infants, where the thymus is large and the 
sternum not yet ossified, percutaneous injection can be 
readily accomplished. In utero injection using ultrasound or 
fetoscopy is also possible for use of the present methods m 
fetuses. Further, selective catheterization of thymic veins 
(via the innominate vein) or arteries allows f luoroscopically- 
guided injection of cells into the thymus in the radio ogy 
suite. Alternatively, CD34-positive hematopoietic cells may 
be administered via the peripheral blood circulation to the 
thymus, including the use of agents which target said cells to 
the thymus. 
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The tolerizing CD34-positive hematopoietic cells 
from the donor can be implanted in the thymus of the 
transplant recipient prior to, at the time of, or shortly 
following graft transplantation. When given prior to 
transplantation as in the case of a living donor for bone 
marrow, kidney, lung, intestine, pancreas, or liver 
transplant, the CD34-positive cells are typically implanted 
from one to two weeks prior to graft transplant, more often 
about two to four weeks prior to transplant, or in some cases 
from four to eight weeks or more prior to transplant. When 
given prior to the time of transplant the recipient can be 
assayed for the development of hematopoietic microchimerism 
such that timing of implantation can be coordinated to achieve 
levels of tolerance. 

The level of tolerance can be assessed in the 
recipient indirectly by determining the level of 
microchimerism in the blood using markers specific for the 
donor cells as measured by polymerase chain reaction, etc., as 
set forth in more detail below. Typically probes can be used 
to demonstrate peripheral hematopoietic microchimerism in 
blood samples from the transplant recipient. The use of PCR 
analysis and oligonucleotide probes are generally described 
in, e.g., Erlich et al., Arch. Pat hol. Lab. M*d. n 7: 482-485 
(1993); Gaur et al., J. Mol. Evol ._ 9;^-fifiQ (1992); and 
Nuovo ' PCP In Situ Hybridization. Prot ocols and Applicat i n P c r 
Raven Press, New York, NY pp 157-183 (1992), each incorporated 
herein by reference. Probes specific to individual donors are 
used not only to identify donor cells in recipient peripheral 
blood, but also to detect donor cells in recipient lymphoid 
tissue. A microchimerism typically of at least about 0.01% 
cells derived from the donor is sufficient to alter immune 
status in recipients; levels of from about 0.01% to 1.0%, up 
to 5% or higher are sufficient to establish tolerance to the 
graft in the recipient, other methods for measuring tolerance 
include acceptance of small patches of donor skin grafts on 
the recipient skin. A diminished mixed lymphocyte reaction 
(MLR) of the recipient's lymphocytes to those of the donor may 
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, h, indicative of a level of tolerance. Methods for 
also be lnaicative v± However, 
* < nfl mlrs are well established in the art. However, 
performing MLRs are w intrathymic 

"Tr-II reduction - «• . 

doner i-plants » above _ CM1 _ posltive h-tcpoijtx. 

on as with a cadaveric donor, wnen hi y 
e.g., as witn a thvmus can be conveniently 

K«r*-iuna or lung transplant the tnymus can 
^ntTwIch the ^-positive cells durin, the .« 

surgicai pro o::tn M1 -pos iti ve —pontic « lls . «^ 

*« =.11= can also be ministered to the graft recxprent 
.tern «•»•< °«" a induce toler ance or to maintain a 

post-transplant, erther to establi sbed . To induce 

as Possible, typical!, within .boot J^^^. 

ssr-rr:-^ ^ « 9rr .. »r 

intrathymic p tolerance may require 

^—traCri^ents o £ ^-positive hematopoietic 

— ceu % h : rrsre^l^ - 

cells are administered into the thy.ua in an -^»"""" t 

rrT^eriZ dose can ran. £ ro. about ex- 
positive ate. ceils up to ab out , , 1. ce 

• ^lls could be procured from one or two 

hematopoietic cells couia dp which 

vertebral bodies, ribs, sternum, or iliac crest, 



WO 96/14853 



PCT/US95/14773 



14 

might be available early in an organ donor operation. The 
equivalent of 2 vertebral bodies of marrow can be processed 
within 6-io hours, assuring simultaneous implantation of donor 
stem cells during the subsequent organ implant operation, if 
desired. A requirement for larger doses of stem cells 
necessitates complete vertebral body marrow procurement 
following organ harvest and thus may require up to 12-24 hours 
for processing, in this latter situation, because short 
donor heart ischemic times are so critical for cardiac graft 
function, a cardiac transplant can proceed and the donor 
marrow fractions are delivered to the recipient after the 
cardiac transplant. For multi-organ donors, the dose of cells 
required for engraftment determines whether a single donor can 
supply enough stem cells for multiple organ transplant 
recipients. Up to 14 x 10 8 marrow cells can potentially be 
recovered from a cadaver donor, with CD34-positive cells more 
prevalent (at 4.6%) in marrow obtained from vertebral bodies. 

The intrathymic administration of CD34 -positive 
hematopoietic cells of the present invention can be employed 
without immunosuppressive therapies or in conjunction with 
such therapies, if desired. Adjunct immunosuppressive therapy 
may also be employed, i.e., chemical (e.g., cyclosporin A, 
steroids, and/or azathioprine) ant i- lymphocyte globulin or 
serum, or radiological myeloablation, and may be at levels 
less than those which would be typically employed in the 
absence of intrathymic implantation of CD3 4 -positive 
hematopoietic stem cells, other therapies can also accompany 
the present methods to facilitate tolerance and/or acceptance 
of the graft, such as, e.g., 0KT3 , FKS06 , other 
immunosuppressive drugs, and therapies to reduce humorally 
mediated rejection such as photophoresis, plasmapheresis, 
soluble complement fractions, cobra venom factor, genetic 
manipulation of donor organ endothelium or the complement 
activation cascade, methods for downregulating VCAM-1 or E- 
selectin expression or cytokine production and the like. 

In another aspect of the invention donor CD34- 
positive hematopoietic cells intended for intrathymic implant 
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can be genetically engineered to encode a gene product of 
"teres!. Methods for retroviral transduction o stem cells 
Te described in, e.g., Emery et al., Bl«* 81:2460-2465 
(1 993), which is incorporated herein by reference. 

The following examples are offered by way of 
illustration, not by way of limitation. 



EXAMPLE I 



This Example describes the intrathymic inoculation 
of CD34-positive marrow fractions for the induction of 
hematopoietic microchimerism and prolongation of skm 

allograft survival. 

initial studies were desired to assess the 
paction of hematopoietic microchimerism by di " ct 
introduction into the thymus of a CDM-Positive *sma«poietic 
celi-rich donor .arrow fraction defined by an »n tl -CD34 
i.hLv 12 8 compositive hematopoietic cells were 
" ^'fr^arrow Specimens obtained fro. adult male donor 
baboons and enriched to approximately greater than >.% pure 
according to the procedure described in Andrews et al. . El^J 
6 0 = a69 3-1701 (»».. incorporated herein by »»rence^ rou 
weaned juvenile female baboons, ranging from 6-12 weeks of 
n-2 kilograms), served as recipients. Donor and recipient 

boon were selected at random from the primate ^ 
colony (Xedicai Lake, *, and were unrelated T rou ^a 
anterior thoracotomy under general anesthesia 1 x 10 
stem cells were injected into 4-5 sites in the left lobe 
each recipient thymus and each injection site was marked 

■ ' SUrtaCe Peripheral blood obtained fro. each recipient was 
examined for the presence of male donor ceils. « "* 

amolification of a Y chro.osooe-speclf ic (male-specif ic) 
7— as described in R eitsma and Harrison 
£sU _ S£nsli 6 4: 2 l~ie «!,»,. incorpor, te ere y 
reference. This assessment was made more than twice 
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blood and marrow specimen, several months apart, to confirm 
the reproducibility of PCR results. 

Two animals were treated with standard triple drug 
immunosuppression, consisting of cyclosporin A (sufficient to 
maintain whole blood HPLC levels at 300-500 ng/dl) , 
dexamethasone (0. 5/mg/kg/day) , and azathioprine, s'mg/kg/day 
The two control animals, also with CD34-positive hematopoietic 
cell injections, received no immunosuppression. 

The two immunosuppressed recipients developed 
peripheral blood microchimerism within two weeks of donor cell 
injection, in both animals, microchimerism as evidenced by 
PCR amplification of the male-specific determinant persisted 
for at least 16 months from the time of donor cell 
implantation (Table 1) . m the two recipients without 
immunosuppression, microchimerism developed even earlier at 
three days following donor cell implantation in one animal at 
one week in the other. Microchimerism persisted for at least 
6 months in one animal, and 9 months in the other. 
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gantole 
PBL 
PBL 
PBL 
PBL 
PBL 
PBL 
PBL 
PBL 
PBL 
PBL 
PBL 
PBL 
BM 
PBL 
CD2+PBL 
CD20+PBL 
PBL 
PBL 
CD2+PBL 
CD20+PBL 

PBL 
CD34+BM 
PBL 
BM 
PBL 



WKS POBt 
in} get ion 

1 

2 

3 

4 

5 

6 

7 

8 

9 
10 
11 
17-19 
17-19 
20-22 
20-22 
20-22 
23-25 
26-28 
26-28 

26- 28 

27- 29 
27-29 
46-48 
46-48 
60-62 



3/3 

2/3 

3/4 

ND 

3/4 

0/3 

3/4 

1/2 

4/4 

1/2 

1/3 

1/3 

0/2 

0/2 

0/2 

0/2 

1/2 

0/2 

0/2 

0/2 

0/2 

0/1 

0/1 

11 

0/1 



F?3011 
2/3 
ND 
3/4 
3/3 
3/4 
2/3 
3/3 
1/2 
0/2 
ND 
ND 
ND 

ND 

1/3 

1/2 

0/1 

2/3 

0/1 * 
1/114-10*1 
0/H5*10 J l 

0/1 

0/2 

ND 

ND 

0/1 



F92S20 
0/3 
1/3 
ND 
1/3 
2/4 
0/3 
0/3 
0/3 
0/3 
0/3 
ND 
1/3 
0/3 

1/2 4, 
2/3 16*10*1 

2/2 15*10 J 1 

2/3 

0/6 . 
4/511*10*1 

0/5 

0/6 

0/2 

0/1 
. ND 

1/1 



M92523 
1/3 
1/3 
ND 
2/4 
3/4 
2/4 
0/3 
2/3 
1/3 

1/3 
ND 

3/3 

2/3 

1/2 

2/2 

1/2 

ND 

1/2[7*10*1 
1/2[7*10 J 1 
1/2 [10-*] 

1/2110*' 
0/1 
ND 
1/1 



Replicate samples of g-JP*"^^ %020 + (B cells) 
/sample) and double sorted CD2+ ( J assayed by PCR. 

from blood and CD34+ cells from »£ r normal male PBL in 
Based on limiting J^i^iXvit? of the PCR analysis is 1 
normal female PBL the "nsitivxty & Numb „ [] 

m ale cell in 1,000 to 1 0 000 fern g tested lf 

represent the number of =«" s J 2520 and M92523 were 
different from J° 3 - ^SUtXsone. azathioprine, and 
iB uaunosuppressed w ^h dexame ^ „ ic injection of cells 
^^^^^S^^ dr£s after miction. 

ND= not done 

In U.e s^ies on glve „ 

intrathymic purified cdj« p evidence of graft versus 

host disease, with follow up o ^ nucosal 
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disease can only be inferred from the apparent lack of 
symptoms . 

These results demonstrate that stable hematopoietic 
microchimerism can be achieved by the introduction of donor 
cells into the thymus. This method uses purified CD34- 
positive cell fractions which are directly introduced into the 
thymus to achieve engraftment. The microchimerism was 
accomplished using standard triple drug immunosuppression 
without host T cell depletion, and was also accomplished 
without immunosuppression and without host T cell depletion. 
Further, microchimerism was achieved with a smaller dose of 
donor cells than has commonly been reported for other 
settings. Importantly, graft versus host disease has not yet 
been observed. As the studies were performed in a primate 
model, the results are directly relevant to the clinical 
applicability of the methods to humans. 



EXAMPLE TT 



This Example demonstrates that intrathymic CD34- 
positive hematopoietic cell implantation and/or development of 
microchimerism prolongs survival of grafts from the cell 
donor. 

Skin grafts, were used as a test of donor-specific 
tolerance because skin grafts express non-MHC antigens which 
are not tolerized by hematopoietic cells and thus are a more 
difficult model of allograft acceptance. Nakafusa et al., 
Transplantation 55:877-882 (1993) ; Reitsma and Harrison, 
Supra., Steinmuller and Lofgreen, Nature 248:796-798 (1974); 
and Ildstad et al., J. Sum. 51: 372 _ 376 (1991) . 

Demonstration of prolongation of skin graft survival in this 
model is predictive of acceptance of solid organ grafts. 

As in Example I, two juvenile female baboons were 
in}ected intrathecal ly with IxlO 6 CD34-positive marrow cells 
from an unrelated male donor baboon. Unlike Example I, CD34- 
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positive cells were injected into both lobes of the recipient 
thymus. Because chimerism had developed earlier xn the 

* »„4n,*ls in the previous study, neither of 
unimmunosuppressed animals in tne ? R 
• -o^o was aiven immunosuppression. Using PCR 
these two recipients was given inm r 

amplification of the male-specific sequence, donor cells 
detectable in the blood and marrow of both animals after 
transplantation, demonstrating hematopoietic chimerism 

Two months following injection of CD34-positive 
cells, both recipient animals had full thickness 6mm. diameter 

Kin grafts placed on their posterior thorax 
were placed, three of autologous skin, three fro, the male 
loner of the compositive cells, and three from another 
unrelated baboon. (Each recipient animal served as the 
unrelated control for the other.) a 

All third-party allogeneic grafts were rejected 
(sl oughed) in 24 days. In contrast, skin grafts from th e 
„arrow cell donor persisted for 42 days m both 
Au tologous grafts were accepted indefiniteXy an -grated. 
A biopsy from the CD34-positive cell-donor graft m one 
recipient confirmed the presence of donor cells in th s skin 
(by PCR amplification of DHA isolated from the tissue) on 

, - 27 three days after the sloughing of the 

post-transplant day 27, tnree aay ... 
third-party graft, providing further proof of specific 
UU1 , stem cell donor 

prolongation of skin graft survival from the stem 

but not the third-party donor. f 
These results confirm that even m the absence of 
immunosuppression implantation of CD34-posit ive donor 
h emato P oietic cells in the thymus produces hemat :opoiet c 
microchimerism and is associated with prolongation of skin 

i fh,f is soecific for the marrow donor, 
allograft survival that is -P^" 1 CD34 . posi tive cell-donor 
The tissue surrounding the cuj« 

s*in graft somewhat indurated. a P*™"^™ 

either the autologous or the third-party ™- 
finding may be related to incomplete tolerance to non MHC 
anUgens expressed in the sKin, or to -auto-immune- type 
antigens expi C . developing either 

phenomena resulting fro. humoral antibodxes P 9 

to the stem cell donor or. perhaps, to new oross-reactxng 
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alloantigens introduced by the third-party allograft. Donor- 
specific alloantibodies did develop after skin grafting (see 
below) but did not affect chimerism. 

Excisional biopsy performed on one row of grafts 
from each animal at 27 days post grafting revealed 
hypertrophic epidermis and intradermal fibrosis in the cell- 
donor graft, resembling the changes of scleroderma. Compared 
to the third-party allograft on the same day, less lymphocytic 
infiltration was seen in the graft derived from the cell 
donor. 

In these healthy, unimmunosuppressed recipients 
ingrowth of recipient tissue into the margins of these skin 
allografts was quite rapid. To rule out simple displacement 
of the skin graft by proliferating recipient cells at the 
graft margins, rather than true rejection, the CD3 4 -positive 
cell-donor and third-party skin allografts were repeated 
using larger, 1.3 cm. diameter grafts. Consistent with ihe 
previous observations, the grafts from the CD34-positive cell 
donor evidenced specific prolongation of survival as compared 
to third-party grafts, which were rejected at 25 days. 

The repeat third-party skin allografts were not 
reacted in an accelerated fashion. This finding, as well as 
the survival of the first set of third-party allografts to 24 
days, is indicative of a non-specific suppression of 
alloreactivity associated with microchimerism and/or 
intrathymic CD34-positive hematopoietic cell engraftment. 
Alternatively, the two recipient baboons, who each served as 
third-party skin donors for the other, may have inadvertently 
shared some key MHC antigens with the recipient. The latter 
possibility is unlikely since the recipient demonstrated full 
m vitro alloreactivity to this third-party donor on mixed 
lymphocyte culture. 

The presence of alloantibody to donor antigens 
introduced in the thymus was determined using a two-color 
immunofluorescence technique and analyzed on a flow cytometer 
Antibody in recipient serum binding to donor cells but not 
autologous cells or cells from the other recipient was 
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antibody to the celi donor. K.sults fro ide „ tifiea as 

is the cell donor. Those tM donor ski „ g r.ft 

alloantibody production wes ««- uli "* tnough bot h 

ln thes , two esse rec remove ^ ^ ^ 

aenonstrated ^"f f f^^., did not prevent 

:^:r:r:rto^.ti= — — - - — 

survival from this same donor baboon. 



Bi: 

Negative 
Positive 
Negative 



^hncytes. 



? ^^tiTn Tested 
90221 

HLA class I MAb 

RS- pre-stem cell 
transplant 

RS- 10 days post Positive 
skin transplant 

RU- pre-stem cell 
transplant 

RU- 10 days post Positive 
skin transplant 



BS 
Negative 

Positive 

Negative 



Negative 
positive 
Negative 



Negative Negative 



Negative Negative Negative 
Negative Negative 



EXAMPLE III 
[r Imp 1 -*"* 1 

This Exaaple describes the use of the present 
invention in prisete xenograft "^onTc0 3 >l fractions o, 
demonstrating that i"*"^*"" 1 '!!~i.tic „ icr ochi»eris» in 
hu».n donor .arrow can induce »«»"°»°^ A huMn donor . 
baboon recipients without < ^ ^ on _ 

to-baboon recipient protocol was used 
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to-hunan concordant xenograft organ (liver, kidney, heart, 
etc.) transplants. 

The methodology for both donor and recipient 
xenograft procedures was generally that set forth above in 
Examples I and II for the baboon allografts. Human CD34- 
positive donor cells were isolated from donor marrow obtained 
from human male cadaver tissue donors with appropriate 
familial consent. Human cadaver marrow specimens were 
cryopreserved and separated into CD34+ fractions (98% pure) by 
the same methods used in the baboon allograft Examples. Human 
donor lymphocytes were HLA typed and frozen for future in 
viiro studies, split thickness skin grafts were harvested 
from the same human cadaver donor and cryopreserved, the only 
variation from the baboon allografts in which full thickness 
skin grafts were utilized. 

The two recipient baboons for the xenografts were 
both juvenile females (lo to 12 weeks of age), as in the 
allograft Examples. Recipient serum was drawn pre-transplant 
to assess the presence of preformed anti-human antibodies. 
6.5 x 10 5 human CD34-positive donor hematopoietic cells were 
injected into 4 sites in both lobes of the recipient thymus, 
using a left thoracotomy approach. One recipient was treated 
with standard triple drug immunosuppression (cyclosporin A, 
azathioprine, and steroids) ; the other recipient animal was 
not immunosuppressed. Peripheral blood samples were taken at 
intervals to assess the development of hematopoietic 
microchimerism, as assayed by PCR amplification of human Y 
chromosome determinants. Serum was taken to assess the 
development of xenoantibodies. 

At three months after CD34-positive human 
hematopoietic cell transplantation, skin grafts were placed on 
both recipients from both the human xenograft marrow donor and 
from an unrelated baboon allograft skin donor. Grafts were 
biopsied at 10, 18, and 28 days for PCR analysis to assess the 
presence of donor DNA. 

Both the recipient baboons developed peripheral 
blood microchimerism with human donor cells, demonstrable by 
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vere identified »t rr q» cm _ £ractions , 

and CO,,* .reckons end in - fl ^ ^ had produca d 

5U " e ! >oth T-^Phocytic es well es other cell lines. 
Pr09eW " r nownTn TeL 3. xenoentibodies were not 

pr esent in these ^ ~ ^TTSZ. 
hematopoietic cell trensplentetion. The snrm 

imB unosuppression <»>T"^ lmplantat ion. The enimel 

,011 °7^ cX-po Itfve hemopoietic cells with 
thet received h«msn CD34 P develop entibody 

triple therepy ^ n ° MppreS "°" fusio „ but did „eKe entibody 

Ml1e after stem cell infusion put 
to donor cells after s ^ ^ ^ 

following challenge with a skin grari. 
donor. 

Table 3 

igG antibody binding to T 
Xenoantibody data: lyp.p^ ncvtes fro m- Human donor 

Rp.nim T ested . 

, i Negative 
Human serum-negative control 

Human alloimmune serum-positive 
control 

Baboon SD-pre stem cell transplant 
Baboon SE-post stem cell transplant 
Baboon SD-post skin graft 
Baboon SC- P re stem cell transplant 
Baboon SC-post stem cell transplant 
Baboon SC-post skin graft 



positive 



positive 
Positive 
Negative 
Negative 
positive 
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affect «. devel °P»«t of antl-hu.an antibodies did not 

affeot the persrst.nce of hematopoietic .icrochimeris,. 

skih w. T h ° St reSp ° nSe to the human cell donor xenograft 

unr.lH.dl? erent thin t0 S " in «*- th" 

aooeared ! ^ hUMn Ct« «n donor, 

app.ar.dp™* aM vascularized as compared to th. necrotic 

in some ^TnV^lTuT *" 

o« claritv of unLInL Tit" T^V^ P "~ 
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gH a L _ TP CL&IMEB IS ; _ hancinq engraftment of a graft 

X. A composition for enhancing eng ^ & 

in a transplant recipient wherein the graft vhich 

v Afferent from the transplant recipien , 

d onor who is different ve heffiatopoie tic cells 

comprises a collection CD P suff icient to 

isolated fro. the suitable for implantation 

establish tolerance to the graft an 
in the thymus of the transplant recipient. 

The ~ ~ -arrow 

positive hematopoietic cells are 
of the graft donor. 

3. The composition of claim 1. "^^^l o£ 
positive hemopoietic cells ere obtemeo (roe 
the graft donor. 

.. The exposition o £ ^j^^r^.. 

positive hematopoietic cells ere et leest 

. i wherein the cell 

5 The composition of claim 1, wner 

<L S CD34- P ositive hematopoietic cells, 
collection COD * rlSe * CD3 < cells , DO ne marrow or stem 

pancreatic islet cells, hepatic cell^ gene 
cells, or cells which express a disease a 
product of interest. 

, HoB of cl aim 1, wherein approximately 5 
6. The composition of ciaxm , 

a „„citive hematopoietic cells are 

x i 0 S to 1 x 10* CD34-positive hem p transpla nt 
formulated for implantation in the thymus 
recipient . 

T he composition o £ cleim 1 which is , ormelete^n 

cstheter injection unaer nuoroscope ^.nce, or 
mediastinoscopy . 
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recipient \ enhancing engraftment in a transplant 

recipient of a graft obtained from a donor who is different 
fro, the transplant recipient, comprising: 

CD34 n 1D * lanting in the ot the transplant recipient 

CD34-positive hematopoietic cells obtained from the donor in 

^bVrn":" 6 " * * * 

recI p i e y nt e : hanCe eng " ftment ° f the in the transplant 

hemat 9 '- ^ ° f ClaiB 8 ' Wherein the CD34-positive 

ZTZT cells are obtained - «~ ™ o/L 

10. The method of claim 8, wherein the CD34- pos itiv e 
hematopoietic cells are obtained from the blood of Le ^t 

hematop^'etL^sl:' ^ C — ive 

p etlc "Us are contained in a preoarai-i™ <-v, - • 

-st about 98% pure for 0034-positive LT^^." 

12 The method of claim 8, wherein the CD34-positive 
hematopoietic cells are planted in the transplant recipient 
prior to transplanting the graft. recipient 

13 The method of claim 8, wherein the CD34-positive 
hematopoietic cells are implanted in the transplant T 
concurrently with transplanting the graft 



he™, ° f ClaiD 8 ' WhGrein the CD34- pos itive 

hematopoietic cells are implanted in the transplant recipient 
subsequent to transplanting the graft. recip aen t 

organ °' ClaiD *' Wherei ° the *«" is - -o"d 

organ, tissue or cell collection. 

heart T ^ ° f ClaiB1 the °^an is a 

heart, lung, heart-lung, Xidney, pancreas, intestine or liver. 



WO 96/14853 



PCTAJS95/14773 



27 

17. The method of claim 15, wherein the tissue is a 
vessel, heart valve, connective tissue or skin. 

18. The method of claim 14, wherein the cell collection 
comprises CD34-positive hematopoietic cells, pancreatic islet 
cells, hepatic cells, bone marrow or stem cells, or cells 
which express a disease-associated gene product of interest. 

19. The method of claim 8, wherein the graft is an 
allograft. 

20. The method of claim 8, wherein the graft is a 
xenograft. 

21. The method of claim 20, wherein the graft is 
obtained from a non-human primate or swine and the transplant 
recipient is a human. 

22. The method of claim 8, wherein approximately 5 x 
10 5 to 1 x 10 8 CD34-positive hematopoietic cells are implanted 
in the thymus of the transplant recipient. 

23. The method of claim 8, wherein said implanting is 
by injection into at least one thymus lobe following 
thoracotomy. 

24. The method of claim 8, wherein said implanting is 
by injection into at least one thymus lobe by thoracoscope, 
CT-guided or ultrasound guided percutaneous injection, 
catheter injection under fluoroscope guidance, or 
mediastinoscopy . 

25 The method. of claim 8, wherein said tolerance in 
the transplant recipient to the graft is sufficient to reduce 
or eliminate the need for chemotherapeutic immunosuppression 
or myeloablative treatment of the transplant recipient. 
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26. The method of claim 8, comprising further treating 
said graft recipient with dosages of immunosuppressive 
chemotherapy which are less than those required for transplant 
recipients who have not received implantations of donor- 
derived CD34 -positive hematopoietic cells. 



27. The method of claim 8, wherein a microchimerism of 
donor hematopoietic cells is detectable in the blood of the 
transplant recipient. 



28. A method for producing a gene product of interest 
in a host mammal in need of said gene product, comprising: 

implanting in the thymus of said host CD3 4 -positive 
hematopoietic progenitor cells which encode the gene product 
of interest. 



29. The method of claim 28, wherein the CD34-positive 
hematopoietic cells are genetically engineered to produce the 
gene product of interest in the recipient host. 

30. The method of claim 29, further comprising, prior 
to said implanting step, the steps of: 

obtaining CD34-positive hematopoietic cells from the 
recipient host mammal, and ■»* 

genetically engineering the CD34-positive hematopoietic 
cells from the recipient host mammal to produce the gene- 
product of interest. 

31. The method of claim 28, wherein the CD34-positive 
hematopoietic cells are obtained from a donor of the same 
species as the recipient and said cells produce said gene 
product in said donor. 

32. The method of claim 28, wherein the CD34-positive 
hematopoietic cells are obtained from a donor of a different 
species as the recipient and said cells produce said gene 
product in said donor. 
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